Regulation of STAT3 activation is critical for normal and malignant hematopoietic cell proliferation. Here, we have reported that the endogenous transmembrane protein upstream-of-mTORC2 (UT2) negatively regulates activation of STAT3. Specifically, we determined that UT2 interacts directly with GP130 and inhibits phosphorylation of STAT3 on tyrosine 705 (STAT3 Y705 ). This reduces cytokine signaling including IL6 that is implicated in multiple myeloma and other hematopoietic malignancies. Modulation of UT2 resulted in inverse effects on animal survival in myeloma models. Samples from multiple myeloma patients also revealed a decreased copy number of UT2 and decreased expression of UT2 in genomic and transcriptomic analyses, respectively. Together, these studies identify a transmembrane protein that functions to negatively regulate cytokine signaling through GP130 and pSTAT3 Y705 and is molecularly and mechanistically distinct from the suppressors of cytokine signaling (SOCS) family of genes. Moreover, this work provides evidence that perturbations of this activation-dampening molecule participate in hematologic malignancies and may serve as a key determinant of multiple myeloma pathophysiology. UT2 is a negative regulator shared across STAT3 and mTORC2 signaling cascades, functioning as a tumor suppressor in hematologic malignancies driven by those pathways.
Introduction
We identified UT2 as a transmembrane molecule altered in leukemic cells that emerged from an animal model with modifications in specific BM stromal cells (1) . Hypothesizing that the genes altered in the malignant cells that emerge from this niche-induced oncogenesis model might reflect how an abnormal microenvironment leads to cancer, we focused on those genes encoding transmembrane molecules. UT2 was one such molecule. UT2 interacts directly with RICTOR and thereby inhibits mTOR kinase activity in the RICTOR-containing mTORC2 complex (2) . The molecule was therefore named upstream-of-mTORC2 (UT2). Increased expression of UT2 prolonged survival in NOTCH-induced T cell acute lymphoblastic leukemia (T-ALL) mouse models (2) . However, increasing UT2 had effects beyond that of RICTOR deletion, and therefore, we explored other roles for UT2. Specifically, we observed that UT2 altered hematopoietic cell growth in ways that could not be explained by its effects on mTORC2, made evident by differing phenotypes of UT2 overexpression and RICTOR deletion. We therefore sought to define if UT2 interacted with other signaling pathways relevant for hematopoietic growth. Here, we report that UT2 inhibits STAT3 signaling by directly binding to GP130.
STAT3 participates in malignant transformation, tumor cell survival, invasion, and metastasis (3) . STAT3 activation has been detected in carcinomas and hematologic malignancies (4-7), including multiple myeloma (MM) and leukemia (8, 9) . Other studies have demonstrated that activation of STAT3, downstream of GP130, is critical for the regulation of hematopoietic cell survival and proliferation (10) (11) (12) (13) (14) . STAT3 is activated by multiple paths, including the IL6 family of cytokines and Janus-activated kinase (JAK) phosphorylation of the IL6 receptor (IL6R) and the subsequent recruitment and phosphorylation of STAT3 on tyrosine 705 (STAT3 Y705 ) (15) . In the IL6-IL6R cascade, this IL6-IL6R complex induces the homodimerization of two GP130 molecules (16, 17) , leading to intracellular signaling events, including tyrosine phosphorylation of GP130, which is critical for the activation of STAT3 (18, 19) .
JAK-STAT activation is negatively regulated by a family of genes known as suppressors of cytokine signaling (SOCS) (20) . These molecules are a family of intracellular proteins and contain shared Src homology 2 (SH2) domain and molecular SOCS box motifs. Among them, SOCS3 binds and competes with SHP2 in binding GP130 and, as it does so, inhibits IL6 signal transduction (21, 22) . SOCS3 expression is induced by pSTAT3 to serve as a negative feedback loop for cytokine signaling (23) (24) (25) (26) ; the negative regulation of STAT3 imposed by UT2 is distinct from this and other previously defined STAT3 inhibitors as it works upstream of STAT3 activation.
The association of STAT3 activation with cancer is well established and is particularly well defined in myeloma (27) . For example, constitutive activation of GP130/JAK/STAT3 signal transduction was sufficient to induce MM in a murine model in vivo (27) . Furthermore, IL6 (7, 10) and constitutive STAT3 activation has been shown in human myeloma cells (7) . Activation of STAT3 and target genes occurs in human MM patients (27) , and IL6-induced pSTAT3 is a prognostic biomarker for improved survival in MM patients (28) . Furthermore, blocking IL6-IL6R and/or inhibiting Regulation of STAT3 activation is critical for normal and malignant hematopoietic cell proliferation. Here, we have reported that the endogenous transmembrane protein upstream-of-mTORC2 (UT2) negatively regulates activation of STAT3. Specifically, we determined that UT2 interacts directly with GP130 and inhibits phosphorylation of STAT3 on tyrosine 705 (STAT3 Y705 ). This reduces cytokine signaling including IL6 that is implicated in multiple myeloma and other hematopoietic malignancies. Modulation of UT2 resulted in inverse effects on animal survival in myeloma models. Samples from multiple myeloma patients also revealed a decreased copy number of UT2 and decreased expression of UT2 in genomic and transcriptomic analyses, respectively. Together, these studies identify a transmembrane protein that functions to negatively regulate cytokine signaling through GP130 and pSTAT3 Y705 and is molecularly and mechanistically distinct from the suppressors of cytokine signaling (SOCS) family of genes. Moreover, this work provides evidence that perturbations of this activation-dampening molecule participate in hematologic malignancies and may serve as a key determinant of multiple myeloma pathophysiology. UT2 is a negative regulator shared across STAT3 and mTORC2 signaling cascades, functioning as a tumor suppressor in hematologic malignancies driven by those pathways. pSTAT3 and suppresses hematological malignancy   Dongjun Lee, 1,2,3,4 Ying-Hua Wang, 1,2,3,4 Demetrios Kalaitzidis, 1,2,3,4 Janani Ramachandran, 2 Homare Eda, 2 David B. Sykes, 1,2,3,4  Noopur Raje, 2 and David T. Scadden 1 We assessed cell growth from the IL6-dependent INA6 myeloma cells, with or without IL6 treatment ( Figure 1F ). sgRNA deletion of UT2 significantly increased INA6 cellular growth in the presence of IL6 ( Figure 1F , left panel). Furthermore, INA6 cells expressing UT2 had markedly reduced proliferation compared with control cells ( Figure 1F , right panel). These data demonstrate the ability of UT2 modulation to alter myeloma cell growth.
Endogenous transmembrane protein UT2 inhibits
UT2 interacts with GP130. Given the impact of UT2 on the GP130-STAT3 axis, we assessed whether UT2 physically interacts with GP130. We conducted immunoprecipitation (IP) experiments on HEK293T cells expressing full-length UT2 or UT2 with deletion of the cytoplasmic portion of the molecule (UT2ΔC) (Figure 2A ). Anti-FLAG monoclonal antibody used for IP demonstrated coprecipitation of STAT3, IL6R, and GP130 by Western blot. We therefore explored the endogenous interaction further in HEK293T and INA6 cells using antibodies against UT2 for IP, and we could detect coimmunoprecipitated GP130, STAT3, and IL6R ( Figure 2B ). These data are consistent with an interaction of UT2 with the IL6R/GP130/STAT3 complex.
We next tested whether UT2 interaction with GP130 had a meaningful impact on the function of STAT3. Using GP130 IP of HEK293T cells expressing UT2 ( Figure 2C ) or sgRNA-mediated depletion of UT2 ( Figure 2D ), we could demonstrate different levels of GP130 compared with controls. IP experiments on HEK293T cells expressing UT2 using anti-GP130 antibody brought down less GP130 ( Figure 2C ), suggesting that UT2 affects GP130 homomolecular interaction. Conversely, inhibiting UT2 by sgRNA led to increased GP130 levels brought down after conducting GP130 IP ( Figure 2D ). To further verify a direct interaction between UT2 and GP130, in vitro translated (IVT) proteins were generated, and IP experiments were conducted ( Figure 2E ). IP of UT2 and GP130 demonstrated co-IP indicative of a direct interaction in vitro (Figure 2E ). However, conducting the same experiment of IVT UT2 with IVT STAT3 and IL6R failed to demonstrate any co-IP of UT2 (Supplemental Figure 2 ). The presence of UT2 led to decreased GP130-GP130 interaction in vitro ( Figure 2E ). Cumulatively, these data indicate that UT2 directly binds GP130 and affects its ability to interact with other GP130 molecules.
UT2 expression in myeloma cells. To test whether UT2 affects human hematological malignancies broadly, we first conducted in silico screening of the comparative genomic hybridization (CGH) array database at the Broad-Novartis Cancer Cell Line Encyclopedia (https://www.broadinstitute.org/ccle/home) and Oncomine (https://www.oncomine.org) websites (ref. 46 and Figure 3A ). These studies enabled us to explore UT2 copy number in hematological cancer cell lines ( Figure 3A ) and UT2 expression in patient samples (refs. 47-54 and Supplemental Figure 3A ). Interestingly, UT2 copy number and expression are profoundly decreased in hematologic malignancies, including leukemia, MM, and kidney cancers ( Figure 3A and Supplemental Figure 3A ). Thus, we sought to determine whether UT2 affects human MM patients; we conducted in silico screening of the CGH array (55, 56) and microarray database (55-59) through the Oncomine website to explore the UT2 copy number and expression from human MM patients in genomic and transcriptomic analyses, respectively ( Figure 3 , B and C). We found that both UT2 copy number and expression are decreased in MM patient samples ( Figure 3 , B and C).
STAT3 activation was shown to arrest growth and increase apoptosis in myeloma cell lines (29) . Inhibition of STAT3 was shown to have anticancer activity in vitro and in animal models (30) (31) (32) (33) (34) . Furthermore, direct inhibition of GP130 attenuates STAT3 activation and inhibits some cancer cells (9) . Inhibitors of STAT3 activation have been shown to be active in MM, and clinical trials using these inhibitors are being conducted (35) . Therefore, the IL6-STAT3 axis is a key participant in myeloma biology, and defining novel methods for inhibiting that pathway are of clinical relevance.
Here, we define UT2 as an endogenous negative regulator of the IL6-STAT3 signaling axis. Because of the connection of IL6-STAT3 signaling to MM, we examined UT2 in the context of that disease and demonstrate that myeloma cell growth in vitro and in vivo is inhibited by UT2. Furthermore, UT2 loss or suppression is evident in patient samples, and patients whose tumors express less of the inhibitor UT2 have a worse clinical outcome. Therefore, these data add a unique, transmembrane suppressor of cytokine signaling highly relevant for human disease. It is not a member of the SOCS family by either molecular structure or function, but it serves a similar role in constraining cell activation. UT2 is a distinctive molecular inhibitor of both the STAT3 and mTORC2 signaling pathways, and its transmembrane location makes it readily accessible for pharmacologic targeting.
Results
UT2 is a negative regulator of STAT3 activation. We edited UT2 using the CRISPR-associated nuclease Cas9 genome-editing system (refs. 36, 37, and Supplemental Figure 1 Figure 1A ), consistent with our prior findings (2) . Unexpectedly, we also noted that STAT3 activation was influenced by the levels of UT2 in primary mouse hematopoietic cells ( Figure 1A and Supplemental Figure 1 , A and D), with UT2 single guide RNA (sgRNA) deletion increasing pSTAT3 Y705 , the critical site for STAT3 activity, but not pSTAT1 Y701 or pSTAT5 Y694 . Conversely, UT2 overexpression decreased pSTAT3 Y705 but not pSTAT1 Y701 or pSTAT5 Y694 . Since HEK293T cells better enable biochemical studies, utilize STAT3 and AKT signaling, and endogenously express GP130, IL6R, and UT2 (38) (39) (40) (41) (42) (43) (44) , we also examined them and found that UT2 altered STAT3 phosphorylation in a similar manner ( Figure  1B and Supplemental Figure 1D ). Because the IL6-IL6R/GP130-STAT3 cascade is implicated in myeloma, we explored the functional role of UT2 in myeloma cells ( Figure 1C and Supplemental Figure 1 , A and D). Interestingly, sgRNA deletion of UT2 increased pSTAT3 Y705 levels in IL6-supported INA6 myeloma cells. Moreover, we examined expression of the bona fide STAT3 target gene SOCS3 (45) and found that it was increased in sgRNA deletion of UT2 primary BM, HEK293T, and INA6 cells (Supplemental Figure 1C ).
Next, we examined whether UT2 altered the phosphorylation levels of pSTAT3 Y705 in response to IL6 (15, 18) . Inhibiting UT2 by sgRNA led to an increase in IL6-induced pSTAT3 Y705 We next explored the overall survival of MM patients based on relative levels of UT2 expression (ref. 58 and Figure 3D ). Individuals with low UT2 expression (expected to have less inhibition of pSTAT3) had significantly shorter survival than those with high expression. Moreover, to validate our findings in myeloma cells, we tested the UT2 expression in various myeloma cell lines and observed a consistent, significant reduction of UT2 expression in myeloma cells compared with other cell lines ( Figure 3E ). Furthermore, to investigate whether UT2 expression is altered in MM patients, we purified the CD138 + fraction in primary BM cells from primary MM patients (Supplemental Figure 3B ) and tested UT2 expression ( Figure 3 , F and G). We noted reduced UT2 expression in MM BM cells in comparison with normal donor BM cells ( Figure 3F , left panel). In MM patient BM cells, UT2 expression is lower in CD138 + myeloma cells than in the CD138fraction (Figure 3 , F, right panel, and G). Moreover, pSTAT3 and pAKT levels are higher in CD138 + myeloma cells than in the CD138fraction. Activation of STAT3 and AKT occurs in human MM patients (27, 28, 56, 59) . These data demonstrate an inverse correlation between UT2 levels and STAT3/AKT phosphorylation in MM patients, as would be predicted from our proposed relationship between these molecules. Cumulatively, copy number and expression of UT2 were significantly reduced in MM cell lines and primary MM patient cells, supporting our notion that the loss of UT2 is relevant to the pathogenesis of human myeloma.
The impact of UT2 on myeloma cell growth in vivo. To further explore the relationship of UT2 to myeloma biology, we examined whether the inverse effect of UT2 on myeloma cell growth in vitro ( Figure 1F) affected an in vivo model of the disease. INA6 (Figure 4 , A-C) or MM1S (Figure 4 , D-F) myeloma cells with or without sgRNA-mediated depletion of UT2 were transplanted into recipient mice (60-63). As would be expected from the loss of a STAT3 inhibitor, mice transplanted with sgRNA-mediated depletion of UT2 myeloma cells showed reduced disease survival compared with control recipient mice ( Figure 4 , A and D). Examining hematopoietic tissue by flow cytometry revealed increased myeloma cells in the BM (Figure 4 , B and E, and Supplemental Figure  4 , A and B). Animal mortality inversely correlated with levels of pSTAT3 Y705 (Figure 4 , C and F, and Supplemental Figure 4 , A and B) and directly correlated with the change in UT2.
To investigate whether UT2 levels correlated with responsiveness of pSTAT3 Y705 or pAKT S473 inhibition, we tested pharmacological inhibition of pSTAT3 Y705 by using JAK inhibitors (AZD1480, refs. 64-68; and ruxolitinib, refs. 69-71) in INA6 cells with or without UT2 sgRNA ( Figure 5, A (Figure 5C and Supplemental Figure 4C ) or pAKT S473 ( Figure 5F and Supplemental Figure  4D ) were increased in these cells with constitutive expression of STAT3C or myr-AKT, respectively. The increases were abrogated by the overexpression of UT2. These data indicate that UT2 can serve to reduce activation events downstream of the binding partners we have defined for it: GP130 and RICTOR. Together, these results demonstrate that UT2 is capable of affecting the outcome of myeloma growth in association with changes in pSTAT3 Y705 expression. UT2 impairs STAT3 activation and, in so doing, influences the in vitro and in vivo growth of MM cells.
Discussion
In this study, we demonstrate that the transmembrane protein, UT2, functions to downmodulate STAT3 signaling. It directly interacts with GP130, resulting in specific reduction of pSTAT3 Y705 (Figure 5G ).
The interaction of UT2 with GP130 occurs independently of IL6R and of STAT3 itself, as indicated by the in vitro translation experiments. Therefore, it does have specificity of interaction that then affects the ability of heterologous components of a signal transduction module to form a functional unit. This is similar to what was observed when investigating how UT2 affects mTORC2 phosphorylation of pAKT S473 (2) . In that context, UT2 bound directly to RICTOR but not to other parts of the mTORC2 complex, nor did it bind to RAPTOR, which is the scaffold for mTORC1. In both cases, the cytoplasmic portion of UT2 was essential for its binding with heterologous partners, and binding was inhibitory of the downstream phosphorylation events and impacted hematopoietic cell numbers. Therefore, UT2, like GP130 itself (87), may bind multiple distinct molecular partners. In so doing, it appears to provide a suppressive effect on activation signaling. Whether UT2 may influence other aspects of STAT3 or AKT signaling remains possible, but this issue will be explored in further studies.
It is apparent that UT2 is molecularly and functionally distinct from the SOCS family of gene products. For example, it has no SH2 domain, and SH2 domains are critical for SOCS protein actions. It also does not have a 40 residue C terminal SOCS box characteristic of SOCS proteins (20) . Furthermore, UT2 is a transmembrane protein, a feature not seen in the SOCS proteins. In addition, we have shown that UT2 binds directly to GP130, while SOCS3 binding to GP130 depends on tyrosine phosphorylation. Therefore, UT2 is not a new member of the SOCS family. In functional terms, SOCS proteins are downstream of JAK/ STAT signaling and are transactivated in response to activation of that pathway. They thereby serve in a classic negative-feedback loop. We hypothesize that UT2 is providing a distinctive mode of modulating the JAK/STAT pathway but that, like SOCS proteins, it serves a role in constraining cell activation through GP130. We propose that UT2 is upstream of STAT3/SOCS3 activation, serving to modulate signaling in advance of the reactive negative regulation imposed by SOCS induction by pSTAT. These distinct routes and/or processes for regulating STAT3 activation and the different localization of the molecules suggest unique functions in hematopoietic cell biology that are still to be elucidated.
Our analyses of patient data indicate that UT2 is deleted or downregulated in myeloma cells and is inversely correlated with pSTAT3 levels in MM patients. Given the impact of UT2 as an inhibitor of myeloma lethality in vivo, as demonstrated by our CRISPR/Cas9 studies, we suggest that downregulating or deleting UT2 is an advantage to plasma cells. We therefore propose UT2 as a key, previously unrecognized participant in the pathophysiologic process of MM. It points to an additional molecular contributor to that process that may provide new pharmacologic targeting opportunities. Furthermore, it offers an additional model for how cell-activating signals can be checked at the cell surface, and while we do not know if UT2 itself functions as a receptor, the presence of its external domain suggests that external cues may be differentially affected by its presence.
Methods
Mice and animal procedures. All mice were kept in a specific pathogenfree facility at Massachusetts General Hospital. All mice studies and breeding were carried out under the approval of Institutional Animal Care and Use Committee of Massachusetts General Hospital. sgRNAmediated depletion of UT2 MM1S and INA6 cells (5 × 10 6 ) were transplanted into NOD/SCID mice (The Jackson Laboratory) that had been previously irradiated with 2 Gy (60-63). Animals were monitored daily and, when morbid, were euthanized.
MM patient samples. BM aspirates from MM patients were collected under a protocol approved by the IRB (13-583) of Massachusetts General Hospital. Ficoll density gradient was then used to recover viable mononuclear cells from BM aspirates. The patients were diagnosed with MM at a median age of 72, ranging from 56-91 years. Diagnosis was based on the International Myeloma Working Group criteria (88) . All the MM patients presented with active MM and relapsed-refractory disease. (89). Protein analyses. Western blot analysis was carried out according to standard methods as previously described (2) . For IP experiments, cells were lysed with Triton X-100 containing lysis buffer as previously described (2) . Data consisted of quantities with the Odyssey Infrared Imaging System (LI-COR Biosciences). CRISPR-Cas9 system and sgRNA design. The lentiCRISPR vector was purchased from Addgene. To construct the lentiviral sgRNA Cas9 vector, sgRNAs were cloned into lentiCRISPR vector in the BsmBI site (36) . Lentivirus production and purification were performed as previously described (2) . sgRNAs were designed using the CRISPR tool (36, 37) (http://crispr.mit.edu) to minimize potential off-target effects. The lentiCRISPR with sgRNAs targeting UT2 were cloned using the following sequences: UT2 sgRNA1: GTCATCGGTGTTCATCTTAT; UT2 sgRNA2: GCACATGTTCATGCGGAAAA; UT2 sgRNA3: CAGC-GTTGCCACACAATGTC; UT2 sgRNA4: CTCAAAGCAGACTCCC-CAAC; Ut2 sgRNA1: ATGCTCCAGGACTCAATTAC; Ut2 sgRNA2: TTGGTCTGCTCATAGTGGAT; Ut2 sgRNA3: GTTGGTCTGCTCAT-AGTGGA; and Ut2 sgRNA4: CAATTCCAGTAATTGAGTCC.
Materials and cell culture. STAT3, GP130, and IL6R plasmids were purchased from OriGene. Antibodies to AKT (catalog 4691), pAKT S473 (catalog 4060), STAT3 (catalog 4904), pSTAT3 Y705 (catalog 9145), pSTAT1 Y701 (catalog 9167), pSTAT5 Y694 (catalog 4322), MYC (catalog 2278), and ACTIN (catalog 4970) were from Cell Signaling Technology. GP130 (catalogs sc655 and sc656) and IL6R (catalogs sc661 and sc13947) were from Santa Cruz Biotechnology Inc. FLAG M2 antibody (catalog F1804) was from Sigma-Aldrich. Antibodies to GFP (catalog ab290), MYC (catalog ab32), and ACTIN (catalog ab3280) ues less than 0.05 were considered statistically significant (**P < 0.01). The Kaplan-Meier log-rank test was used to analyze mouse survival data using GraphPad Prism. No blinding or randomization was performed for any of the experiments. Study approval. All mice were kept in a specific pathogen-free facility at Massachusetts General Hospital. All mice studies and breeding were carried out under the approval of Institutional Animal Care and Use Committee of Massachusetts General Hospital. BM aspirates from MM patients were collected under a protocol approved by the IRB (13-583) of Massachusetts General Hospital.
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